In Diesel injection Systems, cavitation often appears in the injection nozzle holes. This paper analyses how cavitation affects the Diesel spray behavior. For this purpose two spray parameters, mass flux and momentum flux, have been measured at different pressure. We know that cavitation brings about the mass flux choke, but there are few studies about how the cavitation affects the momentum and the outlet velocity. The key of this study is just the measurement of the spray momentum under cavitation conditions.
INTRODUCTION
A very important factor in direct injection diesel engines is the quality of the diesel spray. An improvement in the air fuel mixing leads to better combustion process that results in higher performance and less pollutant emissions [1] . The spray characteristics are strongly influenced by the nature of the flow inside the injection nozzle hole [2] . This internal flow is largely dependent on the presence of the cavitation phenomenon [3, 4] . The objective of this study is to determine the influence of the internal flow behavior on the mass flux, spray momentum and outlet velocity.
Two experimental installations have been used: the first one being a high pressure nitrogen spray momentum test rig where the spray force, or momentum flux, can be measured for each hole, the second one being an injection rate meter which allows the mass flux to be measured.
The momentum flux is a very important parameter, in spite of this there are very few study that uses this measure [5, 6] . Important factors like spray penetration, spray cone angle and air entrainment depend largely on spray momentum [7] . With the simultaneous determination of the momentum and mass flux it is possible to determine the velocity in the outlet section of the nozzle hole. This paper will be divided into several sections, in the first part a short review of the theoretical problem is presented and in the second part the experimental devices are described. Special attention is given to the spray momentum test rig which was especially built for this research. Finally in the results section, the analysis of the flow for different operating points is presented.
THEORETICAL BACKGROUND
The phase transition from liquid to vapor of a fluid due to low pressure is called cavitation. Cavitation in diesel nozzle appears because of very low pressure at the inlet of the nozzle hole. These low local pressures are due to boundary layer separation near the nozzle inlet hole. In this region, due to the strong change in cross-section and flow direction, the boundary layer tends to separate from the hole wall forming what is known as a "vena contracta". As a consequence, a recirculation zone appears between the "vena contracta" and the hole wall. In this zone there is a pressure depression due to the acceleration of the fluid. If static pressure falls below vapor pressure then the phenomenon of cavitation will appear [8] . A simplified sketch of this situation can be seen in figure 1.
Vena contracta
Recirculation zone low pressure Figure 1 . Fluid separation in a nozzle hole.
To study this phenomenon we are going to define several non-dimensional parameters. Because the measured pressures are the injection pressure P i and the discharge back pressure P b , these two values will be used to do the calculus and analysis. The pressure drop (∆P) will be calculated by subtracting P b from P i . This statement implies that the loss coefficients used throughout this paper will be representative of all loss between the rail and the discharge chamber. The validity of the results is good since most of the loss is located in the nozzle hole [8] .
Using Bernoulli's equation (eq 1) between the inlet and the outlet of the nozzle hole and assuming that the inlet velocity is negligible, it is possible to obtain the theoretical velocity at the outlet section (eq 2). 
With the outlet theoretical velocity, the theoretical mass flow is obtained by assuming a constant cross-section and density. The first non-dimensional parameter, discharge coefficient C d , is obtained by dividing the real mass flow by the theoretical mass flow (eq 3).
With the use of a theoretical momentum flux a new nondimensional parameter, C M , or "momentum coefficient" is defined (eq 4).
Equation (5) and (6) are the integral form of the mass flow and momentum flux at the outlet section of the hole.
If a turbulent flow without cavitation is considered then the outlet velocity profile could be assume to be uniform along all the outlet area of the hole. This situation is depicted in figure 2a. With this assumption it is possible to estimate the effective outlet velocity by dividing the momentum flux by the mass flow (eq 7). This assumption will be valid for a cavitating flow if we assume the velocity profile depicted in figure 2b. The vapor section is neglected from the integral equation because of the small density in this region. We can now assume that the liquid has the same velocity over the entire liquid section. With these two simplifications it is possible to obtain the effective velocity using expression (eq 7). 
In order to study the discharge coefficient in more detail, the loss included in this coefficient could be divided in two parts (eq 8): the velocity coefficient, C v , takes into account the loss in the velocity term and the area coefficient, C a , that incorporates the loss of area due to the flow contraction, the changes in density and the nonuniform velocity profiles at the outlet section of the hole. The velocity coefficient is defined, C v , as the relationship between effective velocity and theoretical velocity (eq 9). The area flow coefficient is defined as the real section of the flow multiplied by the real density divided by the geometrical section multiplied by the liquid density (eq 10). This area coefficient has two possible meanings; the first one is that the area is equal to the geometrical section, and that with the generation of vapor the density is smaller. The second interpretation is that the vapor density is neglected with respect to the liquid one and that the area coefficient is taking into account the section which the liquid is occupying from the outlet section. In any case the C a will be calculated from equation 8. These coefficients are similar to the ones defined by Siebers [6] .
The relationship between the momentum coefficient and the discharge coefficient is given by equation 11, and was found by combining equations 3,4,7 and 9.
(11)
The one-dimensional model
The theoretical model to predict nozzle flow under cavitation was proposed by Nurick in 1976 [9] . All the analyses are based on figure 3. In this figure point 1 corresponds with the upstream point where velocity could be neglected. The outlet point (2) corresponds to the outlet section of the hole. To simplify the analysis a fixed region occupied by the vapor phase such as depicted in figure 3 will be assumed. The cross-section where the vapor is present is reduced as can be seen in figure 3 . The area contraction in this section is called contraction coefficient C c . This coefficient depends on the geometry, and for sharp-edge holes its value is 0.61 [10] . Because of this, the area in the contraction section, could be obtained as is presented in equation 12. If we make the assumption that there is no radial velocity and that the liquid density is constant, then the mass flow across the hole will be:
1 Applying Bernoulli's equation between point 1 and c without loss to this distance, and assuming vapor pressure for section c, since there is vapor and liquid, the pressure in this point could be taken as vapor pressure, P v .
combining equation 12, 13 and 14 the mass flow will be:
and the discharge coefficient for this mass flow will be:
Now following Nurick´s work, the cavitation number will be defined as K, the value inside the square root in equation 16 . This non-dimensional parameter increases when the inlet pressure is decreased or when the outlet pressure is increased. For lower K values there will be important cavitation effects.
When Increasing K there is a moment where cavitation disappears. The value at which cavitation disappears is know as K crit . For K values higher than the critical cavitation number, the flow will only be liquid phase depending mainly on the Reynolds number [11] . This phenomenon can be observed in figure 4. This one-dimensional model, implies that there is a mass flow collapse, like compressible flow in sonic conditions, this means that the flow will be independent of downstream conditions. This behavior has been observed in several experimental studies. [3, 4, 12, 13] .
In this paper all plots of the coefficients will be represented versus the cavitation number K, defined as in equation 19 . This non-dimensional parameter is obtained with the inlet and outlet pressure. In the present paper, injection and discharge pressure will be used. The lower the value of K, the closer to the cavitation regime.
In order to obtain all the equations of this section, it has been used some assumptions and simplistic illustrations.
The flow structure of a real nozzle hole is more complex than these sketches (see [14, 15, 16] ), although this does not affect to the potential usefulness of the results.
EXPERIMENTAL EQUIPMENT
To make this study two experimental test rigs have been used, the first one is a new CMT developed rig, while the second one is a standard injection rate meter. In this section a brief description of both experimental systems will be given.
Injection test bench
The injection system used was a conventional Common Rail Fuel Injection system [17, 18] , which allows fuel injection under high (up to 1500 bar) and relatively constant pressure. The same system has been used for both experimental installations so that the measurements could be compared. The nozzle used in this study has been a VCO cylindrical two-hole nozzle with an outlet diameter of 144 µm.
With the aim of obtaining stabilized conditions without the influence of needle lift a very long energizing time has been used, the value was fixed at five milliseconds.
Spray Momentum test Rig
With this experimental equipment it is possible to determine the impact force of the spray, that is equivalent to the momentum flux that each spray of the nozzle has. In figure 5 there is a sketch of the momentum test rig. The chamber could be pressurized with nitrogen up to 100 bar to simulate discharge conditions in the engine.
The force is measured with a piezo-electric pressure sensor calibrated to measure the force. The sensor is placed at 5 mm from the hole exit. The sensor frontal area is high enough to catch all of the spray's frontal area. Due to the conservation of momentum we can assume that the force measured by the sensor will be the same as the momentum flux at the hole outlet, since the pressure inside the chamber is constant and surrounds the entire spray. Taking this into account we can say that the density of the chamber fluid does not affect the measurement, so that any chamber pressure could be used without disturbing the results. In figure 6 there is a sketch of the spray and sensor used in the momentum test rig. 
Operating points
The nozzle considered has been tested at different injection and discharge pressures. The injection pressure was set at: 300, 500, 800, 1100 and 1300 bar, and the discharge pressures at: 20, 40, 60 and 80 bar, all the combinations were measured.
EXPERIMENTAL RESULTS
For the analysis of the results presented in this study only the mean values while the needle is fully open are presented. Before performing the analysis of the mean values the instantaneous measurements for a single injection and discharge pressure are presented. In figure  8 the instantaneous momentum flux can be seen, and figure 9 displays the instantaneous mass flux. These graphics belong to the point 500-60 bar of injection pressure and discharge pressure. Mean Mass flow values.
In figure 10 the mass flow for one hole is depicted. This value was obtained by the maximum mass flow in stabilized conditions and dividing this value by the number of holes (two holes for the present nozzle). In non cavitating conditions the mass flow is proportional to the square root of the pressure drop. Once cavitation appears the mass flow has a collapse and is no longer a function of the pressure drop over the nozzle. At this point the mass flow does not increase further when the discharge pressure is reduced and injection pressure is kept constant. [3, 4, 12, 13] .
In figure 10 each group of points corresponds to a characteristic injection pressure. For all the injection pressures the mass flow is choked, except for the points taken at 300 bar. Table 1 . C c for each injection pressure
Observing figure 12 and the previous measurements it could be stated that in only 3 of all the operating points there will be no cavitation: 300-80, 300-60, 500-80.
Spray Momentum results
In figure 13 the momentum flux for a single hole is depicted. This value has been obtained by taking the mean value of the results from both holes of the nozzle used in the experiments. The initial and final period of the experimental signal was not used and only the mean values at maximum needle lift were considered. The first interesting result is that contrary to the behavior of the mass flow the momentum flux does not have any collapse, it is proportional to the pressure drop for any injection and discharge pressure not depending on the cavitation of the holes. It is not possible to state whether with or without cavitation the slope of the curve is the same, because as we know from the mass flow results, only 3 points do not have cavitation. The fact that the spray momentum is proportional to the pressure drop implies that the momentum loss inside the nozzle hole is proportional to the pressure drop independently of the cavitation level. In order to explain this, two effects must be considered: The mass flow collapse will imply that the momentum flux will be smaller, (the momentum flux is approximately equal to mass flow multiplied by velocity as can be seen in equation 7) on the other hand, as is proposed by Schmidt [20] , it is possible to assume that the appearance of cavitation will make the wall shear in the nozzle hole smaller due to the fact that the vapor phase will be between the liquid phase and the hole wall. So the influence of the mass flow collapse will be compensated by smaller loss due to the wall shear. What is clear is that when cavitation is increased there is an increase in velocity to compensate the mass flow collapse.
In figure 14 the momentum coefficient, C M , is depicted versus the cavitation number K. As can be seen C M is not changing much, since the difference between the maximum and minimum values is only 3% . In any case there is a region around the K crit value with a minimum zone. When K is increased the momentum coefficient is increasing but since only 3 points are in this region it is difficult to confirm this phenomenon. As has been seen in the first part of this paper, it is possible to estimate the outlet velocity by dividing the momentum flux with the mass flux (eq 7). This velocity is only the axial component of real velocity, although we can neglect the other components. In figure 15 the effective velocity is depicted after performing this operation. The first important observation is that there is no collapse in the values as was observed for the mass flow values, this implies that it is not correct to estimate the velocity using mass flow as was done with the bulk mean velocity (equation 20) . This assumption is known as slug flow and has been used extensively in literature [21] [22] [23] [24] [25] .
Theoretically when there is no cavitation the velocity should be linear with square root of pressure drop, this behavior is represented in figure 15 by a straight line. This line has been obtained by doing a fit with the points of no cavitation as it was known that only the liquid phase was present. As can be seen there is an increase in outlet velocity when cavitation appears compared to the situation without cavitation. Chaves [4] wrote about the possibility that the velocity will increase once cavitation is present due to the fact that the outlet section will be smaller because of the vapor formation. When the velocity coefficient is depicted this theory is confirmed. In figure 16 the smaller the value of K, the higher the cavitation intensity and the higher the velocity coefficient, C v . Closer to the maximum Bernoulli velocity value. With the discharge and velocity coefficient it is possible to obtain the area coefficient, C a . This parameter is an indicator of the reduction of cross section and/or density in the outlet section of the hole. In figure 17 a representation of this coefficient is plotted. As could be expected the cavitation phenomenon gives an important reduction of the area coefficient (mainly because of the appearance of vapor in the outlet section). The points without cavitation theoretically should have C a =1, due to the fact that the liquid phase occupies all of the outlet section. Not reproducing this phenomenon is due to the assumption made in the calculus of the velocity. The velocity profile is constant in the entire outlet section of the hole. This assumption is clearly not true as can be seen from figure 17. Notice should be made of how far the area coefficient is from the maximum value 1 for the points without cavitation. In figure 18 it is possible to observe all the coefficients plotted in the same graph versus the cavitation number, K. In the graph it is possible to observe how the different parameters affect each other. Important ideas obtained from this graph are: constant value for momentum coefficient for any type of flow, for no cavitation the discharge and velocity coefficient are close to each other. 
CONCLUSION
A new experimental set-up to measure the momentum flux of a Diesel spray under realistic engine conditions has been constructed. This test rig has been used to characterize the cavitation phenomenon for a real VCO Diesel nozzle.
Different injection and discharge pressures have been used. In these conditions the momentum flux and the mass flow have been characterized. With these two measurements the outlet velocity was calculated.
Several non-dimensional parameters have been used, to study the influence of the cavitation over the outlet flow of the nozzle.
The main results obtained are the following:
• In the mass flow there is a collapse when cavitation occurs. Once the mass flow collapse appears for a given injection pressure the mass flow becomes independent from the discharge pressure. This result implies that the discharge coefficient, C d , will decrease when the cavitation number K decreases. The mass flow follows the one dimensional theory presented by Nurick [9] .
• The momentum flux, on the contrary, compared to the mass flow does not have any collapse. The increase of momentum flux is proportional to the pressure drop. From this result it is deduced that the decrease of momentum produced by the smaller mass flow is compensated by smaller wall shear due to the existence of vapor films along the hole walls. A consequence of this linearity is that the momentum coefficient, C M , is basically independent of the cavitation number.
• The outlet velocity increases when cavitation appears. This phenomenon could be explained by the reduction in the cross section of the liquid phase in the outlet section of the hole. The velocity coefficient, C v , increases with the decrease of K.
• The last parameter, the area coefficient, C a , has a pronounced decrease once cavitation appears. This will imply that the increase of the cavitation will increase the vapor phase in the outlet section of the nozzle hole. 
K
Cavitation number.
